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Cross Reference To Related Applications 

This application is a continuation-in-part of 
application serial no. 09/357,339, filed July 14, 1999. 

Field of the Invention 

This invention relates generally to chemical processing, 
and more particularly to a system and to a process for 
separating three phase mixtures, such as crude oil, into 
separate components. 

Background of the Invention 

In the Chemical Processing Industries (CPI) process 
control is an important consideration. Issues associated 
with process control are often complex and non-linear and 
require human judgment and experience. 

One example of a chemical process with control issues 
occurs during waste separation processes in the petroleum 
industry. For example, in the production of crude oil, 
contaminants in the solid phase and contaminants in the 
liquid phase may be present in a mixture containing the oil. 
Excessive levels of contaminants yield a final product that 
is non-usable. In addition, contaminated crude oil can be 
difficult to dispose of in an environmentally safe manner. 

One separation system for oil mixtures includes a three 
stage centrifuge which mechanically separates the 
contaminants from the oil. US Patent No. 5,156,751 to Miller 
discloses this type of system. The control of such a system 
is difficult because there are several variables that affect 
the separation process and the purity of the final product. 
These variables are difficult to model and incorporate into a 
control system for the centrifuge. 

For example, the oil mixture enters the centrifuge as a 
meta-stable emulsion containing two liquid phases (oil and 
water) and a solid phase (solids) . The physical properties 
of the mixture required for modeling the control system, are 
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variable and not well understood. In addition, the mechanics 
of the centrifuge introduce variables that are also difficult 
to characterize and quantify. The centrifuge includes a 
tapered bowl and an internal conveyor auger rotating at 
different rotational speeds. The solids and the oil separate 
from the water at different rates depending on the rotational 
speeds of the bowl and the auger. Further, the feed rate and 
the temperature of the oil mixture, the size of the solids, 
and the type of the oil, also affect the separation process. 
In addition, during the separation process the oil and the 
water can interact in an unpredictable manner. Even a simple 
model of this system does not represent it well enough to be 
used for control purposes. 

In view of the multitude of variables, in the past a 
skilled operator with broad experience and intuitive 
knowledge is required to successfully operate the separation 
system. However, skilled operators are difficult to train, 
and expensive to pay. It would be advantageous to utilize 
the experience and intuitive knowledge of a skilled operator 
to formulate an automated control system for the separation 
system. 

The present invention recognizes that fuzzy logic 
techniques can be utilized to construct an automated control 
system that simulates the experience and judgment of a 
skilled operator. Rather than modeling the system, the fuzzy 
logic models the skilled operator. 

Summary of the Invention 

In accordance with the present invention, a system and a 
process for separating a multi phase mixture, such as an oil 
emulsion, into separate components are provided. The system 
includes a three phase centrifuge configured to separate the 
mixture into a first liquid phase component (oil) , a second 
liquid phase component (water) and a solid phase component 
(solids) . 
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The system also includes a control system configured to 
measure process variables and to control process parameters. 
The control system includes a fuzzy soft sensor programmed 
with a set of fuzzy logic rules, and a feed forward 
controller in signal communication with the fuzzy soft 
sensor. The fuzzy soft sensor and the feed forward 
controller are configured to adjust process parameters, such 
as a feed temperature and a feed rate of the mixture, based 
on the rules and the measured feed forward variables . The 
system also includes a feedback controller configured to 
adjust process parameters based on the rules and measured 
feed back variables, such as the water or oil content of the 
first and second liquid phase components. 

Brief Description of the Drawings 

Figure 1 is a schematic diagram of a separation system 
including a fuzzy logic control system and centrifuge 
constructed in accordance with the invention; 

Figure 1A is a schematic end view of the centrifuge 
taken along line 1A-1A of Figure 1; 

Figure IB is a schematic side elevation view of catch 
tanks for the centrifuge taken along line IB-IB of Figure 1; 

Figure 1C is a schematic side elevation view of a vapor 
recovery unit of the centrifuge taken along line 1C-1C of 
Figure 1; 

Figure 2A is a chart illustrating input membership 
functions for product oil BS&W, only the triangles represent 
the membership functions, the vertical dotted lines and the 
arrows are associated with Examples 1 and 2; 

Figure 2B is a chart illustrating input membership 
functions for product water-oil content, only the triangles 

represent the membership functions, the vertical dotted lines 
and the arrows are associated with Example 1; 

Figure 3A is a chart illustrating output membership 
functions for feed rate change, the cross hatched regions 
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represent clipped membership functions associated with 
Example 1; 

Figure 3B is a chart illustrating output membership 
functions for feed temperature change, the cross hatched 
regions represent clipped membership functions associated 
with Example 1; 

Figure 4A is a chart illustrating the clipped output 
membership functions from Example 2 for the feed rate change 
in barrels per hour using the rules in Table 2; 

Figure 4B is a chart illustrating the clipped output 
membership functions from Example 2 for the feed temperature 
change in °F using the rules in Table 2; 

Figure 4C is a chart illustrating the product oil BS&W 
as a function of time from an actual run using the rules in 
Table 2; 

Figure 5 is a view of a control screen for the fuzzy 
logic control system; 

Figure 6A is a flow diagram illustrating operation of a 
feed forward loop and feedback loop for the fuzzy feed 
forward control system; 

Figure 6B is a flow diagram illustrating the operation 
of a fuzzy feed forward control system and fuzzy soft sensor 
of the fuzzy logic control system; 

Figure 7A is a chart illustrating feed magnitude change 
for the a fuzzy SPC filter of the fuzzy logic control system; 

Figure 7B is a chart illustrating moving chart range for 
the fuzzy SPC filter of the fuzzy logic control system; 

Figure 8A is a chart illustrating input membership 
functions for the variable pump flow change (gpm) for the 
fuzzy SPC filter; 

Figure 8B is a chart illustrating input membership 
functions for the feed BS&W change (%) for the fuzzy SPC 
filter; 
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Figure 8C is a chart illustrating input membership 
functions for the variable heater power requirement change 
for the fuzzy SPC filter; 

Figure 9 is a chart illustrating output membership 
functions for the variable feed change magnitude for the 
fuzzy SPC filter; 

Figure 10A is a chart illustrating input membership 
functions for feed water composition change (%) ; 

Figure 10B is a chart illustrating input membership 
functions for feed solid composition change; 

Figure IOC is a chart illustrating input membership 
functions for cold feed temperature change (°F); 

Figure 11A is a chart illustrating output membership 
functions for feed pump speed change; 

Figure 11B is a chart illustrating feed heater set point 
change ( °F) ; and 

Figure 12 is a flow diagram illustrating operation of a 
fuzzy soft sensor of the fuzzy logic control system; 

Detailed Description of the Preferred Embodiments 

As used herein, the term "fuzzy logic rule" means a rule 
that takes it's input from semantic variables that are not 
normally precisely defined (such as "high", "low", "large", 
"small") and provides output that can be quantified (e.g., 10 
volts, etc. ) . 

As used herein the term "BS&W" is an acronym for basic 
solids and water content. 

The term "multi-phase" mixture means combinations of two 
or more substances in which each substance retains it own 
composition and properties. In the illustrative embodiment 
the multi-phase mixture comprises an oil emulsion containing 
a first liquid phase component in the form of oil, a second 
liquid phase component in the form of water, and a solid 
phase component in the form of sediment or other solid 
matter. With respect to the liquid phase components one of 
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the components has a higher specific gravity than the other 
liquid phase component (e.g., water has a higher specific 
gravity than oil) . Also with respect to the liquid phase 
components, one of the liquid phases can be termed the 
"continuous phase" in which case the other liquid phase is 
dispersed in the continuous phase as droplets. For example, 
if water is the continuous phase, oil droplets are dispersed 
throughout the water. If oil is the continuous phase, water 
droplets are dispersed throughout the oil. 

Separation System 

Referring to Figure 1, a separation system 10 
constructed in accordance with the invention is illustrated. 
The separation system 10 is configured to perform a 
separation process in which a multi phase mixture 14 (oil 
emulsion) is separated into a first liquid phase component 16 
(oil) , a second liquid phase component 18 (water) and a solid 
phase component 2 0 (solids) . 

The separation system 10 includes a three phase 
centrifuge 12 configured to mechanically separate the multi 
phase mixture 14 into the separate components 16, 18, 20. In 
addition, the separation system 10 includes a feed pump 24 
configured to receive the multi phase mixture 14 (oil 
emulsion) from a receptacle 28, such as a tank or a pond, and 
to inject the mixture 14 into the centrifuge 12. 

The feed pump 2 4 preferably comprises a progressive 
cavity pump configured to move fluids in a laminar flow, or 
in some cases turbulent flow, with a minimum of trauma. This 
prevents fracturing and emulsif ication of the multi phase 
mixture 14 (oil emulsion) . The feed pump 24 also includes a 
variable drive mechanism 44, such as a variable frequency 
electric motor, constructed to rotate with a selected 
revolutions per minute. The speed of the variable drive 
mechanism 44 is controlled in a manner to be hereinafter 
described to control the speed, and thus the feed rate, of 
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the feed pump 24. Representative feed rates for the multi 
phase mixture 14 (oil emulsion) can be from about 5 gallons 
per minute (GPM) to about 65 gallons per minute (GPM) . 

The separation system 10 also includes a heater 2 6 
configured to heat the multi phase mixture 14 (oil emulsion) 
prior to injection into the centrifuge 12. The heater 26 can 
comprise a continuous flow electric heater having submersible 
heater elements configured to heat the multi phase mixture 14 
(oil emulsion) responsive to the power applied to the 
elements. Suitable heater elements are manufactured by Ogden 
Manufacturing of Arlington Heights, Illinois. 

As will be further explained, the power applied to the 
heater elements, which is termed herein the "power 
requirements" of the heater 26, are controlled to achieve a 
selected temperature set point (T2) for the multi phase 
mixture 14 (oil emulsion) . A representative temperature 
range for the temperature set point (T2) can be from about 
125°F to 200°F. 

The separation system 10 also includes a fuzzy logic 
control system 22 configured to control the feed pump 24 to 
achieve a desired feed flow rate, and the heater 26 to 
achieve a desired feed temperature set point. The fuzzy 
logic control system 22 includes a flow meter 3 0 configured 
to measure a feed flow rate of the multi phase mixture 14 
(oil emulsion). The flow meter 30 can comprise a 
conventional electronic flow meter which provides data in an 
electronic or digital format representative of the feed flow 
rate of the multi phase mixture 14 (oil emulsion) . One 
suitable flow meter is manufactured by Controlotron of 
Hauppauge, New York and is designated a model no. 191N1S. As 
will be further explained, the flow meter 3 0 provides data 
for controlling the output of the feed pump 24 and the power 
requirements of the heater 26. 

The fuzzy logic control system 22 also includes a first 
BS&W meter 32 configured to measure the BS&W content of the 
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multi phase mixture 14 (oil emulsion) , and a second BS&W 
meter 33 configured to measure the BS&W content of the first 
liquid phase component 16 (oil) discharged from the 
centrifuge 12. Suitable BS&W meters 32, 33 are manufactured 
by Invalco of Hutchinson, Kansas, with a model no. CX-454-200 
being suitable for BS&W meter 32, and a model no. CX-645-200 
BGP being suitable for BS&W meter 33. As will be further 
explained, the BS&W meters 32, 33 provide data for 
controlling the output of the feed pump 24, and the power 
requirements of the heater 26. 

Optionally the fuzzy logic control system 22 can also 
include a water quality meter 3 5 configured to measure the 
percentage of oil in the second liquid phase component 18 
(water) . As will be further explained, the water quality 
meter 35 can be used to provide data for controlling the 
output of the feed pump 24, and the power requirements of the 
heater 26. 

The fuzzy logic control system 22 also includes a first 
temperature sensor 40 configured to measure a cold feed 
temperature (Tl) of the multi phase mixture 14 (oil emulsion) 
pumped by the feed pump 24 from the receptacle 28. In 
addition, a second temperature sensor 42 is configured to 
measure a temperature set point (T2) of the multi phase 
mixture 14 (oil emulsion) prior to injection into the 
centrifuge 12. 

The fuzzy logic control system 22 also includes a fuzzy 
feed back control system 31 configured to detect the BS&W 
content of the first liquid phase component 16 (oil) , and 
optionally, the oil content of the second liquid phase 
component 18 (water) . As will be further described, this 
information is then used to ascertain membership in the input 
membership functions. Using these memberships and the fuzzy 
rules the feed flow rate is adjusted by changing the power 
input to the feed pump 24. In addition, the feed temperature 
is adjusted by setting a new temperature set point (T2) . In 
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this regard, the heater 22 includes a hardware standard PID 
controller 27 configured to adjust the heater power in order 
to comply with the power required to reach and maintain the 
temperature set point (T2). With feedback control, this 
procedure is repeated until the measured product requirements 
are met or optimized. In the examples to follow the BS&W 
content of the first liquid phase component 16 (oil) is met 
or optimized. 

The fuzzy logic control system 22 also includes a fuzzy 
feed forward control system 3 6 configured to detect changes 
in measured feed variables (cold feed temperature Tl, feed 
BS&W content, feed flow rate) of the multi phase mixture 14 
(oil emulsion) . The feed forward control system 3 6 makes 
control adjustments before operational problems with the 
centrifuge 12 occur. In particular the feed forward control 
system 3 6 attempts to predict future behavior based upon 
current feed conditions. It then makes adjustments in 
advance in preparation for the coming changes, thus 
optimizing future output. As with the feed back control 
system 31, the feed forward control system 3 6 changes the 
feed flow rate and the temperature set point (T2) . Since 
these are the same variables that the feed back control 
system 31 changes, conflicts are resolved using a conflict 
resolution code to be hereinafter described. 

Elements of both control systems 31, 3 6 can be contained 
in a computer 100 programmed with software containing rules 
to be hereinafter described. Input data from both control 
systems 31, 3 6 is quantified using the rules to make control 
adjustments . 

Centrifuge 

As shown in Figure 1, the centrifuge 12 includes a 
rotatable bowl 5 0 and a conveyor auger 52. The rotatable 
bowl 5 0 is generally cylindrical in shape and has a hollow 
interior portion 46. Similarly, the conveyor auger 52 has a 
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hollow interior portion 48. The three phase mixture 14 (oil 
emulsion) is pumped by the feed pump 24 through the interior 
portion 48 of the conveyor auger 52, and into the interior 
portion 46 of the rotatable bowl 50. 

The rotatable bowl 5 0 is journaled on heavy duty 
bearings (not shown) and is rotated by a drive motor (not 
shown) . The rotatable bowl 5 0 rotates about a longitudinal 
axis 6 6 thereof, in a clock wise direction as indicated by 
arrow 68. A representative rotational speed of the rotatable 
bowl 5 0 is from 500 rpm to 3 5 00 rpm. This rotation imparts 
centrifugal forces on the multi phase mixture 14 (oil 
emulsion) of about 700-1000 g's. The centrifugal forces 
separate the multi phase mixture 14 (oil emulsion) into the 
first liquid phase component 16 (oil) , the second liquid 
phase component 18 (water) and the solid phase component 2 0 
(solids) . 

During the separation process centrifugal forces in the 
rotatable bowl 50 move the solid phase component 2 0 (solids) 
towards the outer diameter of the rotatable bowl 50 where it 
is pushed as indicated by arrow 54 by the conveyor auger 52 . 
In addition, the conveyor auger 52 pushes the solid phase 
component 20 (solids) through one or more solids discharge 
ports 5 6 that are in flow communication with the interior 
portion 46 of the rotatable bowl 50 and with the atmosphere. 
At the solids discharge ports 56 the solid phase component 2 0 
(solids) can be collected in a suitable receptacle (not 
shown) for disposal or other use. 

Because the first liquid phase component 16 (oil) and 
the second liquid phase component 18 (water) have different 
specific gravities, separate pools of these components form 
within the interior portion 46 of the rotatable bowl 50. In 
particular, the first liquid phase component 16 (oil) and the 
second liquid phase component 18 (water) are separated by the 
centrifugal forces along a line of separation 58, and are 
discharged at a fluid discharge end 60 of the rotatable bowl 
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50. The first liquid phase component 16 (oil) is discharged 
from elongated discharge tubes 62 located at a pool depth to 
contact only the first liquid phase component 16 (oil) . The 
discharge tubes 62 are in fluid communication with a first 
catch tank 63 (oil) which collects the first liquid phase 
component 16 (oil) . 

The second liquid phase component 18 (water) is 
discharged from weirs 64 located at a pool depth to contact 
only the second liquid phase component 18 (water) . As shown 
in Figure 1A, the weirs 64 are formed on an end plate 92 of 
the rotatable bowl 50. Specifically, the end plate 92 
includes four generally rectangular shaped openings 94, and 
slotted plates 96 partially cover the openings 94. The 
locations of the slotted plates 96 can be adjusted as 
required to a selected pool depth for withdrawing the second 
liquid phase component 18 (water) . The weirs 64 are in fluid 
communication with a second catch tank 65 (water) which 
collects the second liquid phase component 18 (water) . In 
addition, a vapor recovery unit 69 collects and recovers 
vapor from the first catch tank 63 (oil) and the second catch 
tank 65 (water) . The structure and function of the vapor 
recovery unit 69 will be more fully described as the 
description proceeds . 

The rotatable bowl 50 includes a tapered beach 70 of 
reduced cross section proximate to an inlet 76 of the 
conveyor auger 52. The tapered beach 70 provides an annulus 
of reduced cross section which during operation of the 
centrifuge fills partially with the second liquid phase 
component 18 (water) . The tapered beach 7 0 can be lined with 
a smooth non-porous material such as ceramic tiles. This 
smooth surface provides reduced friction for the solid phase 
component 2 0 (solids) , which is pushed by the conveyor auger 
52 through the beach 7 0 and out the solids discharge ports 
56. 
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The conveyor auger 52 is concentrically mounted within 
the rotatable bowl 5 0 and journaled for rotation about the 
longitudinal axis 66. The direction of rotation of the 
conveyor auger 52 is opposite to the direction of the 
rotation of the rotatable bowl 50 which is counterclockwise 
as indicted by arrow 72 . The conveyor auger 52 may be driven 
by a suitable drive means 74 such as a hydraulic or electric 
motor. 

The inlet port 76 for the conveyor auger 52 is 
configured to receive the three phase mixture 14 through 
suitable piping in flow communication with the feed pump 24. 
In addition, the conveyor auger 52 includes a plurality of 
emulsion inlets 78 formed through an outside diameter thereof 
configured to discharge the three phase mixture 14 from its 
hollow interior portion 48 into the hollow interior portion 
46 of the rotatable bowl 50. In the illustrative embodiment 
of the invention, the three phase mixture 14 is discharged 
into the rotatable bowl 50 with a flow direction towards the 
fluids discharge end 6 0 of the rotatable bowl 5 0 . This is 
termed a co-current inlet flow. Alternately, the centrifuge 
12 may be configured with a counter current inlet flow. 

The conveyor auger 52 also includes helically wound 
flights 80 on its outer periphery . The helical flights 8 0 
move the solid phase component 20 (solids) against the inside 
of the rotatable bowl 50 and through the solids discharge 
ports 56. The conveyor auger 52 can rotate at from one to 
twelve revolutions per minute with respect to the rotatable 
bowl 50. For example, if the rotatable bowl 50 is rotating 
at 17 80 rpm, the conveyor auger 52 can rotate at this rate 
plus one to twelve rpm's more. This rate is termed herein as 
the "conveyor auger ratio" and in general is a number between 
one and twelve . 

The centrifuge 12 also includes three oil baffle plates 
82, 84, 86 attached to the conveyor auger 52 and configured 
to maintain the pools of the first liquid phase component 16 
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(oil) therebetween. A first baffle plate 82 is located 
generally perpendicular to the longitudinal axis 6 6 of the 
rotatable bowl 5 0 proximate to the inlet 6 6 to the conveyor 
auger 52. A second baffle plate 84 is located generally 
perpendicular to the longitudinal axis 66 of the rotatable 
bowl 50 proximate to a center portion thereof. A third 
baffle plate 86 is located generally perpendicular to the 
longitudinal axis 66 of the rotatable bowl 5 0 proximate to 
the fluids discharge end 60. 

During operation of the centrifuge 12 the baffle plates 
82, 84, 86 function to confine the pool of the first liquid 
phase component 16 (oil) so that the first liquid phase 
component 16 can be discharged through the discharge tube 62. 
In addition, the center baffle plate 84 can include at least 
one opening 88 to permit flow of the first liquid phase 
component 16 (oil) therethrough. Further, additional baffle 
plates 90 can be located generally parallel to the 
longitudinal axis 6 6 of the rotatable bowl 5 0 proximate to 
the inlets 78 through the conveyor auger 52. The baffle 
plates 9 0 prevent the three phase mixture 14 entering the 
interior portion 46 of the rotatable bowl 50 from disrupting 
the pools of the first liquid phase component 16 (oil) . 

Vapor Recovery Unit 

Referring to Figures IB and 1C, the catch tanks 63, 65 
and vapor recovery unit 69 are illustrated. As shown in 
Figure IB, the catch tanks 63, 65 comprise sealed vessels 
having a removable cover 71. The first catch tank 63 (oil) 
includes an inlet 73 configured to receive the first liquid 
phase component 16 (oil) . The second catch tank 65 (water) 
also includes an inlet 75 configured to receive the second 
liquid phase component 18 (water) . In addition, the catch 
tanks 63, 65 include a manifold 77 in flow communication with 
the interiors of the catch tanks 63, 65 and with the vapor 
recovery unit 69. The manifold 77 is configured to receive 
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vapor 7 9 from the catch tanks 63, 65 and to transfer the 
vapor 79 to the vapor recovery unit 69. The manifold 77 can 
be constructed of metal tubing, and is configured to receive 
the vapor which collects in the catch tanks 63, 65 in the 
space between the cover 71 and the liquid levels. 

As shown in Figure 1C, the vapor recovery unit 6 9 
comprises a sealed vessel having an inlet 81 configured to 
receive the vapor 79 from the manifold 77 (Figure IB) , and an 
exhaust stack 91 configured to exhaust hot air 93 to the 
atmosphere. The vapor recovery unit 69 also includes a f an 
87 configured to move the vapor 79 from the manifold 77 
(Figure IB) and through the vapor recovery unit 69. One 
suitable fan 87 is a belt driven tube axial fan manufactured 
by Dayton of Niles, Illinois and designated a model no. 
4C659A. 

The vapor recovery unit 69 also includes a drain valve 
95 configured to discharge the liquefied vapor or condensate 
97 into a collection vessel (not shown) such as an oil drum. 
The vapor recovery unit 69 also includes a plurality of 
baffles 83, 85 configured to collect and condense the vapor 
79 into the condensate 97. The baffles 83, 85 can comprise 
metal plates configured to provide a large surface area for 
condensing the vapor 79 into the condensate 97. The baffles 
83, 85 are also arranged in a pattern to permit the flow of 
the vapor 79 through the vapor recovery unit 69, while at the 
same time providing surfaces areas for contacting and 
condensing the vapor 79. 

A first baffle 83 is oriented generally parallel to the 
flow of the vapor 79 (and to the ground) , and is configured 
to intercept the vapor 79 as it enters the inlet 81 of the 
vapor recovery unit 69. The other baffles 85 are arranged at 
different angles to the flow of the vapor 79 with from 45° to 
90° being preferred. The vapor recovery unit 69 also 
includes a mist arrestor 89, which can comprise screens, 
expanded metal, or a porous material such as intertwined 
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metal strips similar to metal scrub pads for pots and pans. 
The mist arrestor 89 is configured to collect and condense 
the vapor 79 prior to exhausting of the hot air 93 from the 
exhaust stack 91. 

Fuzzy Logic Control System 

The fuzzy logic control system 22 performs both 
"feedback control" and "feed forward control". The term 
"feedback control" means that the performance of the 
centrifuge 12 is evaluated by measuring the quality of the 
first liquid phase component 16 (oil) , and optionally the 
quality of the second liquid phase component 18 (water) . 
Input variables are then generated based on these 
measurements. The output of the centrifuge 12 is then 
adjusted based on the input variables and a set of fuzzy 
logic rules, and adjustments are made to optimize the 
performance of the centrifuge 12. 

The term "feed forward control" means the control system 
22 anticipates future operation of the centrifuge based on 
input variables measured in the three phase mixture 14 (oil 
emulsion) prior to injection into the centrifuge 12. The 
output of the centrifuge 12 is then predicted based on the 
input variables and additional fuzzy logic rules, and 
adjustments are made to optimize the performance of the 
centrifuge 12 . 

In the illustrative embodiment the input variables for 
the "feedback control" are obtained by sensing the water and 
solids content of the first liquid phase component 16 (oil) 
which is termed herein the "Product Oil BS&W" . The input 
variables for the feed forward control are obtained by 
sensing the cold feed temperature (Tl) , and the BS&W in the 
three phase mixture 14 (oil emulsion) . 

A first adjustment is the speed of the feed pump 24 
which controls the feed rate of the three phase mixture 14 



Centech Inc 



16 



Docket No. Miller 01-01 



(oil emulsion) . A second adjustment is the feed temperature 
set point (T2) of the three phase mixture 14 (oil emulsion) . 
In this regard the fuzzy logic control system 22 sets the 
feed temperature set point (T2) and heater power is adjusted 
5 by the heater PID controller 27 to meet the set point 
requirements. These adjustments are made to optimize the 
quality of the first liquid phase component 16 (oil) which is 
termed in the rules to follow the "product oil" . 

Optionally, the control system 22 can be configured to 
10 also optimize the quality of the second liquid phase 
component 18 (water) . The quality of the second liquid phase 
component 18 (water) is quantified by measuring its oil 
M content, which is termed herein the "Product Water Oil 

>,■>«■«■ 

m Content". In the rules to follow, the "Product Water Oil 

LJ 

fJ1 15 Content" is considered and included in the software of the 
r! computer 100. However, the control system 22 only contains 

If 

ny sensors for measuring the "Product Oil RS&W" such that 

'f- "Product Water Oil Content" is not measured and utilized. 

□ 

!** 20 Feedback Control System 

j=n The feedback control system 31 includes a feedback 

0 controller 104, the PID controller 27 and the BS&W meter 33. 

fa - .- t, 

1 if 

Optionally, the feedback control system 31 can include the 
water quality meter 35. The feed back controller 104 is a 
25 program included in the computer 10 0 and programmed with a 
set of feedback control rules based on fuzzy logic. 
The feedback control rules are of the form: 
If the "Product Oil BS&W" is .... and if the "Product 
Water Oil Content" is ... Then the "Feed Rate Change" is ... 
3 0 and the "Feed Temperature Change" is .... 

Table 1 lists the rules. 



Centech Inc 



Docket No. Miller 01-01 



Table 1 



Rule 
No. 


If (Product 
Oil BS&W) is 


and (Product 
Water Oil 
Content) is 


Then (Feed Rate 
Change) is 


and (Feed 
Temperature 
Change) is 


1 


Very High 


High 


Negative Big 


Positive Big 


2 


Very High 


OK 


Negative Big 


Positive Big 


3 


High 


High 


Negative Big 


Positive Big 


4 


High 


OK 


Negative Small 


Positive Small 


5 


OK 


High 


Negative Small 


Positive Small 


6 


OK 


OK 


Zero 


Zero 


7 


Low 


High 


Zero 


Zero 


8 


Low 


OK 


Positive Small 


Negative Small 



The input membership functions are shown in Figures 2A 
and 2B. The output membership functions are shown in Figures 
3 A and 3B. 

Example 1 

Suppose that the BS&W meter 33 (Figure 1) for the first 
liquid phase component 16 (oil) produced by the centrifuge 
12, and the water quality meter 35 (Figure 1) for the second 
liquid phase component 18 (water) produced by the centrifuge 
12 measure the following values: product oil BS&W = 0.75% 
and the percent oil in the product water = 0.95%. Figures 2A 
and 2B are used to determine the input membership values 
obtained with these readings. In this example the BS&W 
reading of 0.75% has a membership of 0.25 in High and 0.75 in 
Very High. The percent oil in the product water of 0.95% has 
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a membership of 0.10 in OK and 0.90 in High. Figures 3A and 
3B can be used to determine the output membership functions 
where the shaded areas represent the clipped output 
membership f unc t i ons . 

In this example four of the eight rules in Table 1 are 
fired. The rules that have input variables with a membership 
of greater than zero are fired. These rules are one through 
four. Since four rules were fired, they must be combined in 
a logical fuzzy manner. The resolution rule used here was 
the min-max rule. In our example, the product oil BS&W has a 
membership of 0.75 in the fuzzy set, or membership function, 
Very High. It also has a membership of 0.25 in the set High. 
The oil in the product water has a membership of 0.90 in the 
set High and 0.10 in the set OK. All of the rules have two 
associated input membership values . The membership values 
for rule one are 0.75 for Very High BS&W in the product oil 
and 0.90 for High oil content in the product water. The 
minimum portion of the min-max rule causes this rule to be 
fired with the minimum value of 0.75. In a similar manner 
rule two is associated with the membership values of 0.75 and 
0.10. It is fired with the minimum strength of 0.10. Rule 
three is associated with membership values of 0.25 and 0.90. 
It is fired with a minimum strength of 0.25. Rule four is 
associated with membership values of 0.25 and 0.10. It is 
fired with the minimum value of 0.10. The maximum portion of 
the min-max rule is used to determine the combination rule 
output or antecedent. Rules one through three have an 
antecedent of "Negative Big" for "Feed Rate Change and 
Positive Big for Feed Temperature Change". The strengths of 
these rules are 0.75, 0.10 and 0.25 respectively, as 
determined by the minimum portion of the min-max rule. The 
maximum value of 0.75 is used for the final value or strength 
of the combination of these three rules. The result is that 
the output membership function that describes the change in 
feed rate as "Negative Big", is truncated at the value of 
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0.75 as shown with the cross hatched portion of the leftmost 
triangle in Figure 3A. The same rule provides that the 
output membership function that describes the change in feed 
temperature as "Negative Big", is truncated at the value of 
0.75 as shown with the cross hatched portion in the rightmost 
triangle in Figure 3B. Rule four is the only rule that 
suggests that the feed rate change should be "Negative Small" 
and the feed temperature change should be "Positive Small". 
It is fired with the strength of 0.10 as determined by 
minimum portion of the min-max rule. No maximum portion of 
the min-max rule is needed here since this is the only fired 
rule that has this antecedent. As shown in the Figures 3A 
and 3B, the membership functions that represent the change in 
feed rate of "Negative Small" and the change in feed 
temperature of "Positive Small" are truncated at a value of 
0.10. The combination of the output of rules one through 
four is shown as the truncated membership functions in 
Figures 3A and 3B. The output values that are actually used 
are the centroids of these truncated figures . In this case 
about minus 1.457 barrels per hour (BPH) for the feed rate 
change and approximately plus 7.2 83 6 F for the feed 
temperature change. The centroid values obtained from this 
calculation are converted to voltage signals and sent to the 
variable drive mechanism 44 for the feed pump 24, and to the 
heater 2 6 to reduce the feed rate and increase the feed 
temperature accordingly. 

There are several different techniques that are 
available for def uzzif ication . Since fuzzy logic is quite 
flexible, we have used the technique most appropriate for the 
problem we were addressing or most appropriate for the 
software we were working with, or simply the most convenient 
technique. Here, we have used the centroid of the truncated 
membership functions exactly as they appear in the figures. 
The centroid, or def uzzzif ied, value is given by equation. 
(1) . 
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If (x)xdx 
centroid =_ 

ff(x)dx 

where f(x) is the function that describes the clipped 
membership function. 

In this case it would be the function that describes the 
perimeter of the cross hatched areas in Figures 3A and 3B. 

By examining the output membership shown in Figures 3A 
and 3B, it is noted that it is not possible to obtain the 
end-point values of + 2 barrels per hour for the feed rate 
change of ±10 °F feed temperature change using the centroid 
technique. We can never get centroids of ±2 or +10. In this 
example it doesn't matter. This was taken into account when 
building the membership functions. 

Example 2 

In this example only the BS&W of the first liquid phase 
component 16 (oil) is considered. The control rules for this 
example are given in Table 2 . 



Table 2 

Fuzzy rules for the feedback control system 31 
without Oil in Product Water as an Input variable 



Rule 
No. 


If (Product Oil BS&W) 
is 


Then (Feed Rate 
Change) is 


and (Feed Temperature 
Change) is 


1 


Very High 


Negative Big 


Positive Big 


2 


High 


Negative Small 


Positive Small 


3 


OK 


Zero 


Zero 


4 


Low 


Positive Small 


Negative Small 




With the same product 


oil BS&W as in 


Example 1 (0 .75%) , 



rules 1 and 2 in Table 2 are fired with strengths of 0.75 and 
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0.25 respectively. The clipped output membership functions 
for this example are shown in Figures 4A and 4B. The 
centroids for these two figures are -1.293 and 6.524 
respectively. The defuzzified control outputs are a "Feed 
Rate Change" of -1.293 BPH and a "Feed Temperature Change" of 
6.524°F. These values are slightly different than the values 
of -1.457 BPH and 7.283 °F obtained in Example 1. 

Figures 5 illustrates a computer control screen 102 for 
the computer 100 of the fuzzy logic control system 22. The 
screen, gives an operator instant access to all pertinent 
information. The current catch tank levels for the first 
liquid phase component 14 (oil) and the second liquid phase 
component 18 (water) are shown graphically. Important input 
and output variables are shown both with their current values 
in a digital format and an analog display as a strip chart 
showing their time history. 

Figure 4C illustrates an actual output from a run using 
the rules in Table 2 . In Figure 4C the variable under 
control, the product oil BS&W, is represented as a function 
of time. 

Feed Forward Control System 

As shown in Figure 1A, the feed forward control system 
36 includes a feed forward controller 37, a fuzzy soft sensor 
38, and a fuzzy SPC filter 3 4 configured to filter out sensor 
noise. The feed forward controller 37 processes large 
changes in the feed of the three phase mixture 14 (oil 
emulsion) that require process control adjustments before 
problems are encountered in the centrifuge 12. The fuzzy 
soft sensor 38 includes and applies the fuzzy logic rules. 
The fuzzy SPC filter 34 differentiates between noise in the 
measured feed variables and a true change in the control 
variables (pump speed, heater power requirements). 
Accordingly, changes in the control variables are not made 
unless they are truly required. The fuzzy-SPC filter 3 4 
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* 



filters out the sensor noise based on individual and moving 
range charts to be hereinafter described. 

Referring to Figure 6A, the interaction of the feed 
forward loop for the feed forward control system 36, and the 
5 feed back loop for the feedback control system 31 is 
illustrated in a block diagram. The feedback controller 

104 is continually working, making adjustments to the feed 
rate and the feed temperature set point (T2) . A conflict 
resolution portion 106 of the feedback controller 104 insures 
10 that corrections to the process due to both feedback and feed 
forward conditions are compatible with the goals of the 
feedback controller 104 and the feed forward controller 37 
U (Figure 6B) . Feed forward events dominate because they are 

•SJ future events, and only significant events are acknowledged 

Iff 15 because of the fuzzy-SPC filter 34. However, some weight is 
fl given to current events governed by the feedback controller 

jj * 8 

ill 104. 

--ft The feed forward computations 108 include computations 

w from the fuzzy soft sensor 3 8 and from the feed forward 

M 20 controller 37. This combination of computations is shown in 

-jit; z 

|jJJ Figure 6B. These computations require three input variables 

O to determine what adjustments, if any, are required for the 

v. (M % 

H;l feed pump 24 and the feed temperature set point (T2) . These 

variables are the cold feed temperature (Tl) , the percent 

25 change of water in the three phase mixture 14 (emulsion) and 
percent change of solid in the three phase mixture 14 
(emulsion) . Although the percentage change of water and 
solid is not measured directly, the change of BS&W in the 
three phase mixture 14 (emulsion) is the sum of the water and 

30 solid change. In addition, the change in power requirements 
for the heater 26 for maintaining a given set point 
temperature (T2) and the volumetric flow rate are measured. 
Based on these measurements, the feed BS&W measurements, and 
the cold feed temperature (Tl) changes, we can determine the 

35 corresponding changes in the feed water and solid content. 
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This is because of the knowledge programmed into the fuzzy 
soft sensor 3 8 in the form of fuzzy rules and membership 
functions . 

Fuzzv-SPC Filter 34 

The fuzzy-SPC filter 3 4 is designed to prevent the feed 
forward controller 3 7 from acting upon feed changes that are 
really just noise in the sensors and the system. The fuzzy- 
SPC filter 34 is in the form of a program programmed into the 
computer 100. The fuzzy-SPC filter 34 is an implementation 
of a fuzzy version of the statistical process control (SPC) 
charts known as Individual and Moving Range charts. Figure 
7A is a Individual Chart and Figure 7B is a Moving Range 
chart . 

Figures 7A and 7B were patterned after more commonly 
used X bar-R charts. These particular figures were developed 
using a computer model and a random number generator. In 
addition, we ordered the numbers produced by the random 
number generator in an attempt to simulate auto-correlated 
values. In the Chemical Process Industries, almost all 
samples taken from a continuous process are auto-correlated. 
This means the current sample is dependent upon the previous 
sample. Auto correlation raises some questions about 
theoretical concepts such as independence but the SPC version 
of this technique works quite well. 

In the system 10 we have modified the SPC technique to 
include fuzzy logic. The reason for the modification is that 
the expert operator normally looks for indications that the 
feed BS&W has changed by a magnitude of at least ±10% before 
implementing a manual feed-forward control. The fuzzy logic 
control system 22 can measure this with the feed BS&W meter 
32. However, this is not the whole story. The concentration 
of water and solids in the three phase mixture 14 (oil 
emulsion) can change in opposite directions, making the BS&W 
reading lower than ±10%. The feed-forward controller 37 
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relies on knowledge of the water and solid changes 
individually, not the total BS&W change. The fuzzy soft- 
sensor 3 8 determines the magnitude of the individual water 
and solids changes from knowledge about feed pump flow 
changes and feed heater power requirement changes, in 
addition to the total feed BS&W change. The fuzzy-SPC filter 
34 incorporates these three variables into a single variable 
that we call Feed-Magnitude-Change, and that is the value 
used with the SPC technique rather than just the feed BS&W 
change. In the system 10, these changes can be developed in 
the field each workday at the beginning of the run after 
steady-state operation is achieved. 

The Individual chart of Figure 7A, and the Moving Range 
chart of Figure 7B are constructed in the following manner: 

• Data sets, comprising feed pump flow, heater power 
requirements, and feed BS&W, are taken at a specified sample 
interval (depending upon the current centrifuge operation- 
currently from about 10 seconds to about a minute) . If a 
temperature change occurs the sample is corrected for 
temperature as will be more fully described. 

• The differences in each succeeding set for the three 
variables are computed. These differences are called 
Variable Changes e.g., Feed BS&W Change. 

• The Variable Changes are used with the rules in Table 
3, the input membership functions in Figures 8A, 8B and 8C, 
and the output membership functions in Figure 9, in the 
previously described manner to produce a variable call Feed- 
Change-Magnitude. This is the Individual variable that is 
plotted in Figure 7A. 

• At each step, the difference between the current Feed- 
Change-Magnitude and the previous Feed-Change-Magnitude is 
computed. This is the Moving Range Value plotted in Figure 
7B. 

• After thirty sets (five minutes to half an hour) , the 
Individual and the Moving Range averages are computed. 
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• The upper and lower control limits for the Individual 
charge (sometimes called the upper and lower natural limits, 
designated LNL and UNL, respectively in the Figure 7A) , are 
computed from equations 2 and 3 . The upper control limit for 
the Moving Range Chart (designated UCLr in Figure 7B) is 
computed from equation 4. These control limits are 
essentially three standard deviations above and below the 
mean or average lines, 

• If the Individual values stray beyond the control 
limits, the " Feed-Change-Magnitude " is assumed to be 
significant and the fuzzy soft-sensor 38 and feed-forward 
controller 37 are implemented. 

• If the Moving Range data go beyond the control limits, 
it usually means a rapid short-term change or that sensor 
difficulties are coming into play. The Moving Range chart 
(Figure 7B) is available to the operator, but currently no 
automatic control action is implemented based on Moving Range 
data. 

UNL =~X~+ 2.660mR~ (2) 
LNL = X - 2 . 660mR (3) 
UCLr = 3 . 268m£ (4) 

The terms UNL, LNL and UCLr are abbreviations for upper 
natural control limit, lower natural control limit, and upper 
control limit for the Moving Range, respectively. The symbol 
(X) is the Individual average (for thirty samples in this 
case) , designated as Xbar in Figure 7A. The symbol (mR) is 
the Moving Range average, designated as Rbar in Figure 7B. 

Figure 7A shows that the feed composition generated by 
the computer model does not stray beyond the control limits. 
This means that the fuzzy soft-sensor 3 6 and the feed-forward 
controller 37 would not be activated by any of the 
information generated by the computer model by this chart. 
However, the long-term trend indicated by point 12 through 16 
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might indicate that at that time the system was moving "out 
of control" and control action might soon be required. In 
Figure 7B, the Moving Range chart, the point generated from 
sample number five is beyond the upper control limit. This 
comes from a rapid but small reverse in sign for the change 
in the feed BS&W. With actual data this* could be an early 
warning of an impending feed composition change. 

The "Feed-Change-Magnitude" is computed with a fuzzy 
rule based system. If we look at Figure 6B, we see that four 
input variables are used in the soft-sensor to compute two 
output variables, percent change in water, and percent change 
in solid. All four of those variables, cold feed 
temperature, feed flow rate, feed BS&W, and feed heater 
requirements, have associated random noise and are not 
independent. It is rather easy to correct for the cold feed 
temperature change. If necessary, the temperature correction 
is made and then the other three variables "Feed Flow Rate 
Change", "Feed BS&W Change", and "Feed Heater Requirement 
Change" are used with the fuzzy rule base to computer the 
"Feed-Magnitude-Change". As shown in Table 3, there are 
twenty-seven rules, three input variables, nine input 
membership functions, one output variable and five output 
membership functions in our fuzzy system. The rules are of 
the form: 

If the "Feed Flow Rate Change" is... and the "Feed BS&W 

Change" is . . . 

and the "Feed Heater Requirement Change" is... 
Then the "Feed- Change -Magnitude" is... 

All of the input membership functions are ternary - 
"Positive", "Zero", and "Negative Changes". The output has 
five membership functions "Large Positive", "Small Positive", 
"Zero", "Small Negative", and "Large Negative". These 
membership functions are normalized between -1 and 1. 

Other techniques are available for filtering the input 
and sensor noise. However, we feel the present technique is 



Centech Inc. 



27 



Docket No. Miller 01-01 



the best. It provides us with a technique for withholding a 
significant process change unless it is really needed. It 
provides us with a means to determine if the process feed is 
changing significantly. If the changes are slow enough they 
can be handled with the feedback system entirely. More 
abrupt changes will require the feed-forward system 
intervention. We can also determine changes in sensor noise 
and can determine in advance if we are having sensor 
problems. Note that once the initial control chart has been 
constructed (reasonably early into the run) , we can sample 
and control as much as we want. The control charts are 
continually upgraded. The control chart upgrade goes on in 
the background. 

The rules for the fuzzy-SPC filter are given in Table 3. 
The input membership functions are given in Figures 8A-8C and 
the output membership functions are given in Figure 9 . 
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Table 3 
Rules for the fuzzy-SPC filter. 





Rule 


If (Feed Flow 


and (Feed BS&W 


■ /r" ill i 

and (Feed Heater 


xi /r~ — i 

Then (Feed- 


5 


Number 


Rate Change) is 


Change) is 


Requirement 


Change- 










Change) is 


Magnitude is 




1 


Negative 


Negative 


Negative 


Large Negative 




2 


Negative 


K 1 X* 

Negative 


Zero 


Large Negative 


10 


3 


Negative 


Negative 


Positive 


Small Negative 




4 


Negative 


Zero 


Negative 


Large Negative 




5 


Negative 


Zero 


— 7 

Zero 


Zero 




6 


Negative 


Zero 


Positive 


Zero 




7 


Negative 


Positive 


Negative 


Large Positive 


15 


8 


Negative 


Positive 


Zero 


Large Positive 




9 


Negative 


Positive 


Positive 


Small Positive 




10 


Zero 


Negative 


Negative 


Large Negative 




11 


Zero 


Negative 


Zero 


bmaii Negative 




12 


Zero 


Negative 


Positive 


Large Negative 


20 


13 


Zero 


Zero 


Negative 


Small Negative 




14 


Zero 


Zero 


Zero 


— 7 

Zero 




15 


Zero 


Zero 


Positive 


Small Positive 




16 


Zero 


Positive 


Negative 


Small Positive 




17 


Zero 


Positive 


Zero 


Small Positive 


25 


18 


Zero 


rOSlTIVe 


rOSlTIVe 


Large rUoiuvt7 




19 


Positive 


Negative 


Negative 


Large Negative 




20 


Positive 


Negative 


Zero 


Large Negative 




21 


Positive 


Negative 


Positive 


Large Negative 




22 


Positive 


Zero 


Negative 


Small Positive 


30 


23 


Positive 


Zero 


Zero 


Small Positive 




24 


Positive 


Zero 


Positive 


Large Positive 




25 


Positive 


Positive 


Negative 


Small Positive 




26 


Positive 


Positive 


Zero 


Large Positive 




27 


Positive 


Positive 


Positive 


Large Positive 



35 



The upper and lower natural control limits shown in Figure 
7A are 0.5449 and 0.5692, respectively. Currently, we are using 
these values as the controls limits or the bounds for a go or no- 

40 go decision on making a feed-forward control adjustment. We can 
use any value we want for the actual control limit, but unless we 
want too many "false alarms" the control limits should either be 
these limits or values outside of these limits. This system will 
need more turning once it is implemented in the field. But it 

45 works quite well with computer-generated numbers. The values in 
Table 4 represent some of the numbers generated by the simulation 
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code in order to develop the rules and membership functions for 
the fuzzy soft-sensor. These numbers were randomly picked from 
the set of all numbers used. We can see from the last column in 
Table 4, Feed-Change-Magnitude, that all of these passed through 
the fuzzy-SPC filter as intended. All of the numbers in the last 
column are either greater than 0.5449 or less than -0.5692. 
Sample numbers six, eleven, and fourteen would not have passed 
the normal SPC filter test with our criterion of ±10% change for 
the feed BS&W. The feed- forward controller 37 should act upon 
these samples since the individual feed water concentration and 
feed solid concentration varied significantly. The expert 
operator would normally detect these changes by noticing changes 
in the other process variables. In the manual mode he would 
probably make changes without thinking much about what he had 
observed. The automatic system that we have developed has to 
work with very carefully spelled out directions in order to make 
the same changes that the expert operator would. 
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Table 4. 

Simulated feed conditions and operating parameters 
with the computer Feed-Change-Magnitude that allowed 
5 passage through the fuzzy-SPC filter. 







Sample 


Flow Rate Feed BS8cW 


Heater 


Percent 


Percent 


Feed 






Number 


Chanae 


Chanqe (%) 


Power 


Water 


Solid 


Change- 










\ /u J 


Requirement Change 


Change 


Magnitude 




10 








Chanae 












1 


-0.9868 


-15.0 


-24.9072 


-10.0 


-5.0 








2 


-0.9858 


-10.0 


-25.5324 


-10.0 


0.0 


-1 






3 


-2.5944 


-10.0 


-60.7935 


-15.0 


5.0 


-1 




15 


4 


-0.5730 


-10.0 


-7.3806 


0.0 


-10.0 


-0.7793 






5 


0.0909 


10.0 


0.0142 


0.0 


10.0 


0.5611 






6 


1.1961 


0.0 


30.0429 


10.0 


-10.0 


1 






7 


1 .8378 


10.0 


42.6106 


10.0 


0.0 


1 






8 


2.5513 


20.0 


58.5209 


15.0 


5.0 


1 




20 


9 


-1.3904 


-15.0 


-30.6755 


-10.0 


-o.u 


- 1 


§ 5 




10 


-2.3235 


-15.0 


-52.3410 


-15.0 


0.0 


-1 


: E :r i 

m «■ 3 

y ? 




11 


-1 .3890 


0.0 


-35.9500 


-10.0 


10 


-1.0 


S r* 

5 

Pf £M>Mj 




12 


0.8432 


-10.0 


14.2684 


0.0 


-10.0 


-0.8963 


Lli 




13 


-0.1294 


10.0 


-3.0514 


0.0 


10.0 


0.5840 


S W 


25 


14 


1.5198 


5.0 


33.7269 


10.0 


-5.0 


1 






15 


1 .7525 


10.0 


36.9448 


10.0 


0.0 


1 






16 


0.9093 


20.0 


22.6764 


10.0 


10.0 


1 


- ■* 




17 


-0.9084 


-15.0 


-23.7192 


-10.0 


-5.0 


-1 






18 


1 .2395 


22.0 


27.8453 


10.0 


12.0 


1 


111 


30 


19 


0.7852 


17.0 


9.6989 


0.0 


17.0 


0.8473 


Si ~r 






-0.2810 


17.0 


-12.1615 


-5.0 


22.0 


0.6694 



Fuzzv Feed Forward Controller 37 

35 

The fuzzy feed-forward controller 37 is designed for 
disturbance rejection. The disturbances come in the form of 
feed disturbances. The feed disturbances that cause problems 
are cold feed temperature changes, that is, changes in the 

40 temperature of the three phase mixture 14 (oil emulsion) 
before it reaches the feed heater 26, which cause changes in 
feed heater power requirements. The other disturbances that 
cause problems are changes in the feed BS&W. Knowledge of 
the change in the feed BS&W alone is not helpful. The 

45 variables that are meaningful are the changes in the percent 
water in the feed and changes in the percent solid in the 
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feed. The sum of these two changes is equal to the change in 
the feed BS&W, which is the variable that we can measure. 
The fuzzy soft-sensor 3 6 uses the variables that we an 
measure, cold feed temperature, feed BS&W feed flow rate 
change, and feed heater requirements to predict the changes 
in the feed water and solid content. Figure 6B illustrates 
the combination of the feed- forward controller and the fuzzy 
soft sensor. 

There are 2 7 rules, three input variables, nine input 
membership functions, two output variables, and six output 
membership functions. The rules are of the form: if "Feed 
Water Composition Change" is... and "Feed Solid Composition 
Change" is., and "Cold Feed Temperature Change" is.. Then 
"Feed Pump Speed Change" is... and "Feed Heater Setpoint 
Change" is . . . 

The feed-forward control rules are given in Table 5. 
The input membership functions are given in Figure 10A, 
Figure 10B and Figure IOC, and the output membership 
functions are given in Figure 11A and Figure 11B. 
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Table 5. 

The fuzzy rules for the feed-forward control system 36 







Rule 


If (Feed Water 


i sr" i p> I ! 1 

and (Feed Solid 


ana (Cola 


Then (Feed 


and (Feed 




5 


No. 


Composition 


Composition 


Feed Temp. 


Pump Speed Heater 








Change) is 


Change) is 


Change) is 


Change) is 


Change) is 






1 


Negative 


Negative 


iNegaTive 


Zero 


Positive 






2 


Negative 


Negative 


zero 


Zero 


Zero 




10 


3 


hi 1 * 

Negative 


Negative 


positive 


Zero 


Negative 






4 


Negative 


Zero 


Negative 


Zero 


Positive 






5 


Negative 


Zero 


zero 


Zero 


Zero 






6 


Negative 


Zero 


Positive 


Zero 


Negative 






7 


Negative 


Positive 


Negative 


Positive 


Zero 




15 


8 


& i i * 

Negative 


Positive 


Zero 


Positive 


Zero 






9 


Negative 


Positive 


Positive 


Postive 


Negative 






10 


Zero 


Negative 


Negative 


Zero 


Positive 






11 


Zero 


Negative 


Zero 


Zero 


Zero 


r*l 




12 


Zero 


Negative 


Positive 


Positive 


Negative 


5 J 


20 


13 


Zero 


Zero 


Negative 


Zero 


Positive 


- *pv» 

A -r H 
fu? " 




14 


Zero 


Zero 


Zero 


Zero 


Zero 






15 


Zero 


Zero 


Positive 


Zero 


Negative 


•1 

^ K 

2 s s 




16 


Zero 


Positive 


Negative 


Zero 


positive 


^ ■> 

: s c 

5 f 




17 


Zero 


Positive 


Zero 


Zero 


Zero 


ZD 


lo 




Pn<;iti\/^ 

r Uol live 


Positive 


Zero 


Zero 




19 


Positive 


Negative 


Negative 


Zero 


Positive 






20 


Positive 


Negative 


Zero 


Zero 


Zero 


H «■ 




21 


Positive 


Negative 


Positive 


Positive 


Zero 


ijn j 




22 


Positive 


Zero 


Negative 


Zero 


Positive 


•i " * 

= "5 ; 


30 


23 


Positive 


Zero 


Zero 


Zero 


Zero 


i & 




24 


Positive 


Zero 


Positve 


Negative 


Negative 






25 


Positive 


Positive 


Negative 


Zero 


Positive 


; s ; 




26 


Positive 


Positive 


Zero 


Zero 


Zero 






27 


Positive 


Positive 


Positive 


Zero 


Zero J 



35 



Example 3 

When the sun goes down in the oil field, especially in 
the winter, temperatures often drop suddenly. This can cause 
the properties of the three phase mixture 14 (oil emulsion) to 

40 change, possibly leading to stratification in the feed 
receptacle 28. Instead of a well-mixed feed, the operators 
experience feed "layers" with somewhat different properties. 
The property changes affect the operation of the centrifuge 
12 . For this example we assume that the cold feed temperature 

45 change (Tl) is measured as -4°F. We assume that the fuzzy 
soft-sensor 3 6 detects a change in the feed solid content of 
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+ 2% and a change in the feed water content of +6%. From 
Figure 10A, the change in feed water content has a membership 
of 0.3 in "Positive" and 0.7 in "Zero". From Figure 10B, the 
change in feed solid content has a membership of 0.2 in 
5 "Positive" and 0 . 8 in "Zero". From Figure 10C, the change in 



cold feed temperature has a membership of 0.6 in "Zero" and 





0.04 in "Negative 


From Table 5 , 


eight rules are fired 


The 




rules fired are 


13, 14, 16, 17, 


22, 23, 25, and 26. 


These 




rules, with their 


Min-Max resolution are shown in Table 


6 In 


10 


Table 6 "P", "Z" 


, and "N" stand 


for "Positive", "Zero 


" , and 




"Negative" respectively. 










Table 6. 




; 

!.._Ji 


The rules fired for Example 3, with their resolution. 




y 15 


If (Feed Water 


and (Feed Solid 


and (Cold Then (Feed 


and Feed 


■ i! 

* n l k 


Composition 


Composition 


Feed Temp. Pump Speed 


Heater 


5 W\ 


Change) is 


Change) is 


Change) is Change) is 


Setpoint 


ft 

s ■» «* 






Change) is 


.** 20 

Si 


Input +6% 


+2% 


-4° 


- 




Rule No. 








» 3 ? 


/ Value Membership 


Membership 


Membership Minimum 


Minimum 


nil- » I~~ 

n s zb 

- w . 4— J — ✓ 

• i ->>^ 


13 Z(0.7) 


Z (0.8) 


N (0.4) Z (0.4) 


P (0.4) 




14 Z(0.7) 


Z (0.8) 


N (0.6) Z (0.6) 


Z (0.6) 




16 Z(0.7) 


P (0.2) 


N (0.4) Z (0.4) 


P (0.2) 




17 Z(0.7) 


P (0.2) 


Z (0.6) Z (0.2) 


Z (0.2) 




22 P(0.3) 


Z (0.8) 


N (0.4) Z (0.3) 


P (0.3) 


30 


23 P(0.3) 


Z (0.8) 


Z (0.6) Z (0.3) 


Z(0.3) 




25 P(0.3) 


P (0.2) 


N (0.4) Z (0.2) 


P (0.2) 




26 P(0.3) 


Z (0.2) 


Z (0.6) Z (0.2) 


Z (0.2) 




Maximum 




Z=0.6 


P=0.4 


35 


Values 






Z=0.6 




P = Positive, Z = Zero, N = 


Negative 








The rules fired, as shown 


in Table 3 , provide 


Output 


40 


values of 0.6 for Zero for Feed Pump Speed Change and C 


) . 6 and 




0.4 respectively for Positive 


and Zero for Feed 


Heater 



Setpoint Change. The corresponding clipped output memberships 



functions are shown in Figures 11A and 11B. 
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The centroid of the shaded area in Figure 11A is 0.0. 
Therefore the computed Feed Pump Speed Change is zero for this 
example. The centroid of the shaded area of Figure 11B is 
4.19. Therefore the computer Feed Heater Setpoint Change is 
4.19°F for this example. 

Fuzzv Soft Sensor 38 

The basic rules for the fuzzy soft sensor 38, are listed 
in Table 7. Although these rules are illustrative, they can 
be supplemented or changed using techniques disclosed in the 
present application. 

These rules are of the form: 

If the "Feed Pump Flow Change" is... and the "Feed BS&W 
Change" is ... and the "Feed Heater Power Requirement" is... 
Then the "Feed Water Change" is... and the "Feed Solid Change" 
is . . . 



Centech Inc. 



35 



Docket No. Miller 01-01 



Table 7. 

The basic rules for the fuzzy soft sensor 36. 



Di i lei 


if /CqoH Pi irnn 


8c Feed fBS&W 


& (Heater Power 


Ihen (Teed 


& (Feed 


if 


riuw ivji iyt?/ io 




Reauirement 


Water 


Solid 






Chanae") is 


is 


Change) is 


1 
i 


Larae Neaative 

l_ V I V, v 1 * V V> 1 1 V v 


Neaative 


Negative 


Negative 


Negative 


2 


Larae Neaative 


Negative 


Zero 


Negative 


Positive 


o 


1 nrap Npaative 

i_v;iyv i Nvyun v^/ 


Neaative 


Positive 


Negative 


Positive 


4 


I arae Neaative 


Zero 


Negative 


Zero 


Zero 


5 


Larae Neaative 


Zero 


Zero 


Negative 


Postive 




Larae Neaative 


Zero 


Positive 


Negative 


Positive 


7 
/ 


Larae Neaative 


Positive 


Negative 


Positive 


Positive 




i arae Neaative 


Positive 


Zero 


Negative 


Positive 


O 

7 


! arae Neaative 


Positive 


Positive 


Zero 


Positive 


in 


Small Npantive 

Ol 1 1 v.11 1 N vV^ v» llvv 


Neaative 


Negative 


Negative 


Negative 


11 


Small Neaative 

\J\ 1 1 V^l 1 1 1 N Vw^ S-J Vi 1 1 V v 


Neaative 


Zero 


Negative 


Negative 


19 

IZ 


Smnll Npnntivp 


Neaative 


Postive 


Negative 


Positive 


IO 


Smnll Npnntivp 
oi iivJii iNcyuiivc 


Zero 


Neaative 


Zero 


Zero 


1/1 

1*4 


Ol I ivJii iNfc?yv;iive; 


7prn 


Zero 


Zero 


Zero 


10 


oitiuii iNeyuiive 




Positive 

r vyo 1 1 1 v 


Neaative 


Positive 


lo 


oman iNegaTive 


rUol 1 1 Vfc; 


M^rintK/p 
i n <o live; 


7pro 


Positive 

1 \S ul I i * \+s 


1/ 


onriCJii iNeycjiivt? 


r v^ol II Vt? 


7pro 


Positive 


Positive 


1 o 
IO 


oman Neganve 


rOSITI Ve 


r v^ol 1 1 vtf 


Pnsitivp 

r vol 1 1 v v 


Positive 

1 VOI 1 1 V \^ 


TO 
IV 


z.ero 


Mopi/tH\/o 
1 Mfcjyvj 1 1 vc 


|\|pnnti\/p 

i Ncyu it vc 


Neaative 


Neaative 


on 


Aero 


i Ncyu live? 


7pro 


Zero 


Negative 


on 
Zl 


z.ero 




Positivp 


Positive 

I Will V >«-/ 


Neaative 


99 
ZZ 


ZvM vj 


7prn 


Neaative 


Zero 


Zero 


0*5 

zo 


Zfc? I v 


7pro 


Zero 


Zero 


Zero 


9d 
Zf+ 


Z_vi v 


7pro 


Positive 


Positive 


Negative 


ZO 


/ e iu 


Pp>Qiti\/P 

I Uol live? 


Neaative 


Zero 


Neaative 


OA 

ZO 


7q r 
Z_ v 1 vj 


Po^itix/p 
r uol 1 1 v w 


Zero 


Positive 


Positive 


07 
Z/ 


z.er u 


ppjQiti\/p 

r v_^oi live? 


Positive 


Positive 


Positive 


no 
ZO 


01 1 lOlll rkJoHIVt? 


Mpnntivp 

i Ncyu ii vu 


Neaative 


Neaative 


Zero 


oo 

£-7 


Smnll Positive 

0 1 I 1 vl l 1 i vol live 


Neaative 


Zero 


Negative 


Negative 


on 

0U 


Smnll Pnsiti\/P 
01110:11 ruaiiivc 


Neaative 


Positive 


Zero 


Negative 


^1 

O 1 


Smpill Posith/p 
on iviii r uoiii vv 


7ero 


Neaative 


Zero 


Zero 


^9 

oz 


Qm^ill PciQitiv/o 

Ol I IvJII rVJolllVt? 


7pro 


Zero 


Zero 


Zero 


OO 


OiTivJU rvJolUVfc? 


7p> 


Positive 


Zero 


Zero 


04 


OIIlCJII rvJolllvt; 


Pnt;iti\/p 
i v^o i live; 


Neaative 


Zero 


Positive 




Smr*ill Pr^^iti\/P 
oi i iVw4ii ruoiiivc 


Positive 

I W 0 1 1 1 V v> 


Zero 


Negative 


Positive 


00 


oiTlvJII rUolllvt? 


PriQiti\/p 
ruoi live? 


Positive 


Positive 

1 \/ V/ 111 V > w' 


Zero 


0/ 




[\ipnativp 


Neaative 


Negative 


Negative 


38 


Large Positive 


Negative 


Zero 


Negative 


Negative 


39 


Large Positive 


Negative 


Positive 


Positive 


Negative 


40 


Large Positive 


Zero 


Negative 


Zero 


Zero 


41 


Large Positive 


Zero 


Zero 


Zero 


Zero 


42 


Large Positive 


Zero 


Positive 


Positive 


Negative 


43 


Large Positive 


Positive 


Negative 


Zero 


Positive 


44 


Large Positive 


Positive 


Zero 


Positive 


Positive 


45 


Large Positive 


Positive 


Positive 


Positive 


Negative 
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In order to implement the above rules, crisp rules and a 
branch and bound technique can be used to choose the rules 
that will be used for a given condition. For example we can 
obtain 27 branch points from the original 45 rules. The 
5 desired branch point is chosen using "crisp" values of the 
input variables "Pump Flow Change", "BS&W Change", and "Heater 
Power Requirement Change". From the branch point we step to a 
fuzzy control routine that manages the fuzzy rules under the 
branch. The crisp rules for the 27 branch points are listed 
10 in Table 8. These rules are of the form: 

If "Pump Flow Change" is... and "BS&W Change" is... and 
"Heater Power Requirement" is. . . then Go to. . . 

Table 8. 

Branch points for the fuzzy soft sensor rule base. 





Branch If (Pump Flow 


and (BS&W 


and (Heater Power 


I hen to...; 




point 


Change) is 


Change) is 


Requirement Change) is 






1 


Negative 


Negative 


Negative 


Fuzzy system 1 


20 


2 


Negative 


Negatie 


Zero 


Fuzzy system 2 




3 


Negative 


Negative 


Positive 


Fuzzy system 3 




4 


Negative 


Zero 


Negative 


Fuzzy system 4 




5 


Negative 


Zero 


Zero 


Fuzzy system 5 




6 


Negative 


Zero 


Positive 


Fuzzy system 6 


25 


7 


Negative 


Positive 


Negative 


Fuzzy system 7 




8 


Negative 


Positive 


Zero 


Fuzzy system 8 




9 


Negative 


Positive 


Positive 


Fuzzy system 9 




10 


Zero 


Negative 


Negative 


Fuzzy system 1 0 




11 


Zero 


Negative 


Zero 


Fuzzy system 1 1 


30 


12 


Zero 


Negative 


Positive 


Fuzzy system 1 2 




13 


Zero 


Zero 


Negative 


Fuzzy system 13 




14 


Zero 


Zero 


Zero 


Fuzzy system 1 4 




15 


Zero 


Zero 


Positive 


Fuzzy system 15 




16 


Zero 


Positive 


Negative 


Fuzzy system 1 6 


35 


17 


Zero 


Positive 


Zero 


Fuzzy system 1 7 




18 


Zero 


Positive 


Positive 


Fuzzy system 18 




19 


Positive 


Negative 


Negative 


Fuzzy system 1 9 




20 


Positive 


Negative 


Zero 


Fuzzy system 20 




21 


Positive 


Negative 


Positive 


Fuzzy system 21 


40 


22 


Positive 


Zero 


Negtive 


Fuzzy system 22 




23 


Positive 


Zero 


Zero 


Fuzzy system 23 




24 


Positive 


Zero 


Positive 


Fuzzy system 24 




25 


Positive 


Positive 


Negative 


Fuzzy system 25 




26 


Positive 


Positive 


Zero 


Fuzzy system 26 


45 


27 


Positive 


Positive 


Positive 


Fuzzy system 27 
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Figure 12 illustrates the use of the Table 8 
The soft sensor rules (1-27) currently are all 
different. Some are very simple and some are reasonably 
complicated, using many of the original 45 rules with 
modified membership functions. In addition to the variables 
shown above, Feed BS&W, Feed Pump Flow, and Heater Power 
Requirement, Feed Temperature Change are taken into account. 
As well, each rule system must take into account whether the 
continuous phase is oil or water. If water is the continuous 
phase, oil droplets are dispersed throughout the water phase. 
If oil is the continuous phase water droplets are dispersed 
through the oil phase. The physical properties of the 
system, especially viscosity, strongly depend upon which 
phase is the continuous one. 

Thus the invention provides an improved system and 
process for separating a multi phase mixture into separate 
components. Although the invention has been described with 
reference to certain preferred embodiments, as will be 
apparent to those skilled in the art, certain changes and 
modifications can be made without departing from the scope of 
the invention as defined by the following claims. 
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